In a three-year factorial lysimeter study in Open Top Chambers (OTCs), we investigated the effect of topsoil pollution by the heavy metals Zn, Cu, and Cd on the water regime of newly established forest ecosystems. Furthermore, we studied the influence of two types of uncontaminated subsoils (acidic vs. calcareous) and two types of irrigation water acidity (ambient rainfall chemistry vs. acidified chemistry) on the response of the vegetation. Each of the eight treatment combinations was replicated four times. The contamination (2700 mg kg )1 Zn, 385 mg kg )1 Cu and 10 mg kg )1 Cd) was applied by mixing filter dust from a non-ferrous metal smelter into the upper 15 cm of the soil profile, consisting of silty loam (pH 6.5). The same vegetation was established in all 32 lysimeters. The model forest ecosystem consisted of seedlings of Norway spruce (Picea abies), willow (Salix viminalis), poplar (Populus tremula) and birch (Betula pendula) trees and a variety of herbaceous understorey plants. Systematic and significant effects showed up in the second and third growing season after canopies had closed. Evapotranspiration was reduced in metal contaminated treatments, independent of the subsoil type and acidity of the irrigation water. This effect corresponded to an even stronger reduction in root growth in the metal treatments. In the first two growing seasons, evapotranspiration was higher on the calcareous than on the acidic subsoil. In the third year the difference disappeared. Acidification of the irrigation water had no significant effect on water consumption, although a tendency to enhance evapotranspiration became increasingly manifest in the second and third year. Soil water potentials indicated that the increasing water consumption over the years was fed primarily by intensified extraction of water from the topsoil in the lysimeters with acidic subsoil, whereas also lower depths became strongly exploited in the lysimeters with calcareous subsoil. These patterns agreed well with the vertical profiles of fine root density related with the two types of subsoil. Leaf transpiration measurements and biomass samples showed that different plant species in part responded quite differently and occasionally even in opposite ways to the metal treatments and subsoil conditions. They suggest that the yearto-year changes in treatment effects on water consumption and extraction patterns were related to differences in growth dynamics, as well as to shifts in competitiveness of the various species. Results showed that the uncontaminated subsoil offered a possibility to compensate the reduction in root water extraction in the topsoil under drought, as well as metal stress.
Introduction
Pollution of forest soils with heavy metals is not perceived to be a major problem because the risk of metals entering human food chain is much less than in polluted agricultural soils. Forest soils may be contaminated by heavy metals in particular due to atmospheric deposition from industrial or traffic (Kahle, 1993) , inputs from shooting ranges (Darling and Thomas, 2003) , uncontrolled waste disposal or afforestation of contaminated land. Where such pollution occurs, the resulting environmental risks may be even higher than on agricultural lands because of the lower pH values. Whereas agricultural soils are usually maintained close to neutral pH by application of lime and base-rich fertilizers, forest soils are often acidic and poorly buffered. As a result, metal mobility and phytoavailability may be much higher in forest soils than in cultivated soils at comparable total metal contents. This may not only lead to an increased risk of metal leaching into ground and surface waters, but also to higher ecotoxicity and impairment of ecosystem functions, which forests, for example, play in the hydrological and carbon cycle. Since metals cannot be decomposed, even a lowered input of metals still leads to further accumulation in both the upper soil layers and in tree roots (Wittig and Neite, 1989) .
At landscape scale soil pollution by heavy metals has been found to reduce forest productivity (Pukacki and Kaminska-Rozek, 2002) , vitality, biodiversity and stand structure (Chernenkova and Kuperman, 1999) . Decreased biomass production is generally associated with reduced transpiration. Any decrease in transpiration results in a corresponding increase in soil water availability and higher regional discharge, which in turn promotes leaching of the metals into the subsurface.
At the plant scale, exposure to metal concentrations above a critical level has often been reported to negatively impact plant water relations and cause water stress (Barcelo´and Poschenrieder, 1990; Poschenrieder and Barcelo´, 1999) , resulting in decreased transpiration due to stomatal closure (Kastori et al., 1992; Prasad, 1995; Schlegel et al., 1987) . The responses to metal stress can be variable at times and even opposite. Metals induced enhanced transpiration occurs not only at higher metal concentrations (Angelov et al., 1993; Paul and de Foresta, 1981) but also at slightly toxic metal concentrations (Dueck, 1986; Kirkham, 1978) . In former case, enhanced transpiration has been attributed to increased stomatal density because of reduction of leaf area (Paul and de Foresta, 1981) and in latter case, enhancement of transpiration is due to decreased osmotic potential and turgor maintenance in leaves (Costa and Spitz, 1997) .
Due to their direct exposure, roots usually are the plant organs most severely affected by soilpolluting metals. Metal contamination of soils has been found to reduce root growth (Arduini et al., 1994 (Arduini et al., , 1995 Ewais, 1997; Helmisaari et al., 1999) , to inhibit root respiration (Karolewski and Giertych, 1994) , and to interfere with nutrient uptake (Oberlander and Roth, 1978) . Reduced root growth and functioning compromises the capability of a plant to extract soil water and nutrients. But reduction of transpiration under metal stress must not necessarily be associated with detectable root damage, it may be induced already at metal stresses that are below levels required to cause such effects (Barcelo´and Poschenrieder, 1990) .
Irrespective of the mechanisms leading to toxic effects in the affected organism, the toxicity of metals in soil depends on how available the metals are to the target organism. Soil pH is a key factor for this availability (Kahle, 1993; Krebs et al., 1998) . The solubility of metals like zinc and cadmium is particularly sensitive to pH variations in a weakly acidic to near-neutral range, which is the pH range of most soils in temperate humid climates (Fotovat and Naidu, 1998) . Levels of pH 3 or 3.5 in the upper soil horizons are quite common in forest stands of Central Europe and North America and under these conditions heavy metals are mobilized, pass into soil solution and are taken up by tree roots (Kahle, 1993) . Because of the continuous acid deposition on forest soils, metal-polluted soils that do not have a serious toxicity problem at present due to a sufficiently high pH, may suffer metal toxicity at a future time.
Effects of heavy metals on plant-water relations have mostly been studied in pot experiments with artificial soil substrates under climate chamber or greenhouse conditions or in hydroponic systems. Such studies are useful to understand specific mechanisms and processes, but they cannot represent conditions of real ecosystems, where plants grow under competition for above-ground, as well as below-ground resources. Moreover, particularly in hydroponic cultures but also in most pot experiments plants are exposed to homogeneous metal stress in the root zone. In reality, where soils are contaminated with metals from atmospheric deposition or agricultural applications of metal-containing substances, the contamination is usually concentrated in the topsoil, while the subsoil often remains relatively unaffected, because of the slow movement of metals. Root growth has been found to avoid zones of metal stress in soils, where this is possible due to uneven distribution of the pollution (Palazzo et al., 2003 , Romney et al., 1981 Schwartz et al., 1999) . Thus, the responses of plants on elevated soil metal concentrations may be quite different depending on the spatial distribution of toxic metals in soil in relation to the distribution of required resources, such as water and nutrients. The high spatial heterogeneity of soils, however, makes it in general very difficult to isolate the effects of individual factors, such as metal pollution in field experiments.
The objective was to study the effect of topsoil heavy metal pollution, the influence of uncontaminated subsoil types (acidic and calcareous) and rainfall acidity on plant growth and water regime operating under carefully defined controlled conditions (simulated juvenile forest ecosystem), including the effect of imposed drought conditions on water extraction. In order to identify the effects of these factors, a factorial lysimeter study with four replications of each treatment combination was designed. The experiments simulate re-forestation of an agricultural soil, which has been polluted by deposition of metal-containing dust from a nearby non-ferrous metal smelter.
Materials and methods

Open top chambers and lysimeter compartments
The experiments were performed in the Open Top Chamber (OTC) facility of the Swiss Federal Institute of Forest, Snow and Landscape Research (WSL) at Birmensdorf, Switzerland. The institute is situated close to the city of Zurich at an altitude of 450 m above sea level. The facility consists of 16 hexagonal chambers, which are 3 m high above ground and 3 m wide (internal distance between opposing hexagonal sides). The chambers are equipped with glass walls and roofs. The side glass walls are not completely closed to allow ventilation. The roofs are closed automatically at the onset of rain. Below ground surface, each chamber is divided into two 1.5 m deep concrete-walled soil compartments, each with a surface area of 3 m 2 , which are used as non-weighable lysimeters. A cylindrical tube of 1.25 m diameter between the two soil lysimeters allows access to the three bottom outlets collecting the discharge for each compartment (Figure 1 ).
Soils and application of heavy metals
The lower 0.5 m of each compartment was filled with a three-layer drainage packing consisting of a fine quartz layer at the bottom, a coarse quartz sand layer at the top and a layer of intermediate texture in between. Before placing the drainage packing into the lysimeters, the sand was thoroughly washed with water to remove fine sediments. On top of the drainage packing, a 0.8 m subsoil layer was packed in the autumn of 1999. In one compartment of each chamber was used calcareous sandy loam originating from a Calcaric Fluvisol (along the river Aare), while in the other compartment was used acidic loamy sand originating from a Haplic Alisol (along the river Rhein). Both sampling sites were under mixed deciduous forests situated in the vicinity of Zurich, Switzerland. For the topsoil in all Figure 1 . View into the Open Top Chambers (OTC) in spring 2002. Each half chamber contained 14 juvenile trees [6 spruce (P. abies), 4 poplar (P. tremula), 2 birch (B. pendula) and 2 willow (S. viminalis)] and various understorey plants. In the centre, the access tube to the bottom outlets of the soil compartments is visible. lysimeters was used a slightly acidic loam that was obtained from an arable field (from Birr), which had been excavated for road construction. The properties of the three soil materials are given in Table 1. A 0.15 m layer of the topsoil was placed on the top of the subsoil. In half of the chambers, the topsoil was then artificially contaminated with filter dust from a non-ferrous metal smelter. The chemical composition of the dust is given in Table 2 . The dust was mixed into the topsoil by hand, after tensiometers and other instrumentation had been installed in the subsoil. The average concentration of HNO 3 -extractable metals in the contaminated topsoils after mixing were 2700 mg kg )1 Zn, 385 mg kg )1 Cu, 63 mg kg
Pb and 10 mg kg )1 Cd.
Vegetation
The same selection of trees and herbs was planted in each soil compartment. The selected species were birch (Betula pendula L.), willow (Salix viminalis L.), and poplar (Populus tremula L.). The herbaceous plant species, which were chosen to represent different growth strategies, were wood sedge (Carex sylvatica Hudson), ramsons (Allium ursinum L.) and tansy (Tanacetum vulgare L.). All plants were planted in spring of the year 2000. The trees were arranged in such a way that different species were mixed in distribution and that the ground was covered as evenly as possible (Figure 1 ). Deciduous and coniferous trees were planted at fixed positions (without regarding provenance in the case of spruce), but the various understorey plant species were distributed at random in between the trees. Measurements started with the second growing season, i.e. in spring of 2001.
Irrigation
Irrigation was applied by means of sprinklers (6 per soil compartment) with computer-controlled flow meters. The height of the sprinklers was chosen so that splashing of water was avoided. The irrigation was scheduled based on the tensiometer measurements, so as to keep the soil moisture content around field capacity. Irrigation was given during nights with a break of one day prior to soil water potential and water content measurements. In eight OTCs, irrigation water had the chemical composition of ambient rain (pH 5.5). For the irrigation of the other eight OTCs, HCl was added until the pH reached a value of 3.5. Irrigation was discontinued during the non-growing seasons. In 2002, a 3-week drought period was imposed purposely from May to June by reducing irrigation. In 2003 irrigation was scheduled to correspond to the longterm rates of monthly average rainfalls, although the summer was exceptionally dry and hot from June to September.
Measurements
Soil water potential
In each lysimeter, eight tensiometers were installed vertically, two each at 10-15, 35-40, 60-65 and 85-90 cm depths (position of ceramic cups), but the midpoint of each tensiometer cup from above depths is taken (i.e., 12, 36, 62 and 88 cm) to represent each depth. Soil water potentials were recorded manually normally once a week during the growing season, using the method of Marthaler et al. (1983) . During the imposed drought period, measurements were taken every 2-3 days.
Drainage and water content
The drainage water was collected in plastic containers at the bottom outlets of each lysimeter. The volume of the drainage water was determined by volumetric cylinders, into which the containers were emptied weekly by means of a vacuum pump. Soil water content was measured by Time Domain Reflectometry (TDR), using a Tektronix 1502B instrument. TDR probes of 25 cm length were installed vertically at 0-25, 25-50, 50-75 and 75-100 cm depth. The recorded TDR signals were calibrated and analysed using the procedure of Roth et al. (1989) . Evapotranspiration was determined from the following water balance expression:
where ET is evapotranspiration, I is irrigation, D is drainage, and DS is the change in soil water storage.
Biomass
Above-ground biomass was harvested at the end of the growing season 2001 except for the very small birch trees and little tree seedlings in the understorey. The harvest included total aboveground biomass of the herbaceous plant species Tanacetum vulgare and Carex sylvatica. Poplars and willows were cut at 10 cm above ground.
In the case of spruce, only one branch was taken per tree from the second whirl from the top and separated into sections grown in 2000 and 2001. The whole tree biomass of spruce was estimated from these samples using allometric relationships between twig aliquots and whole tree biomass, which had been determined in a previous experiment by regression analyses (Egli et al., 1998) . Dry weights were determined after oven-drying at 65°C till constant weight was attained. At the end of the growing season 2003, six soil cores of 5 cm diameter and 75 cm depth were sampled from each compartment at the same relative positions using a hollow cylindrical coring device of type HUMAX (brand name). The cores were divided into sections representing 0-12.5, 12.5-25, 25-50 and 50-75 cm depth. Roots were separated manually by wet-sieving, washed and oven-dried at 65°C. Root density was determined as total dry biomass of fine roots (<2 mm diameter) per unit volume of soil.
Transpiration
A portable gas-exchange measuring unit (open system; LiCor-6400) was used to measure transpiration rates of single willow and poplar leaves. The measurements were performed in 12 OTCs (3 replicates each per treatment and soil type, 2 trees per species and chamber, 4 fully grown leaves per tree) at the end of June 2001, between 10 a.m. and 4 p.m. at a quantum flux of 100-1000 lmol m )2 s )1 . Four leaves of each tree were selected representing different positions in the tree with respect to sunlight exposure. Measurements were extrapolated to total tree transpiration by multiplication of mean transpiration with leaf area per tree. To obtain the latter, the area of 10 leaves of each deciduous tree of the experiment was measured in autumn 2001 using a MK2 leaf area meter (Delta-T Devices LTD, Cambridge, England). The total leaf area per tree was then estimated by multiplying the area/ weight factor with the total dry foliage weight of the plant.
Statistical design and analysis
Each of the four combinations of topsoil contamination (with/without heavy metal dust) and irrigation water acidity (ambient/acidified) was replicated in four chambers using a Latin Square design ( Figure 2 ). Combined with the two types of subsoil in each OTC (acidic and calcareous), this gave a fully balanced factorial design of 2 · 2 · 2 treatments with four replications (see Figure 2 ). Treatment effects were analysed by GLM (General Linear Model) using SYSTAT (version 10.0) and SAS (version 8.2). The following abbreviations are used to denote treatments: HM, heavy metal contaminated topsoil (and ambient rain); AR, acidified 'rain' (and no contamination); HMAR, combination of heavy metal contaminated topsoil and acidified rain; CO, control (no contamination, ambient rain). The error bars were calculated by dividing standard deviation by the square root of the number of observations.
Results
Soil water potential
In the first year, the average soil water potentials in each treatment during most of the time varied between )20 and )80 hPa in the topsoils and only occasionally dropped below this range (Figure 3 ). In the following 2 years soil water potentials below this range were much more frequent due to the artificially imposed drought period in 2002 and the exceptionally dry summer in 2003. Because the variability between tensiometers increased almost in proportion to the average soil water potential, we chose to display the logarithms of their (negative) values in the figures. A high log value, thus, corresponds to a low soil water potential, which is equivalent to a high capillary water tension or suction or, in other words, to a dry soil. The lowest soil water potentials were observed at the end of the reduced irrigation period in June 2002 (Figure 3 ). During this period some tensiometers stopped working, as the soil water potentials exceeded the lower limit of their measurement range of around )800 hPa.
Heavy metal contaminated topsoils maintained significantly higher soil water potentials than controls, indicating that less water was extracted from contaminated than from uncontaminated topsoil (Table 3 ). This effect was particularly pronounced in the dry summer of 2003, i.e. in the third growing season. The acidity of the irrigation water had no significant effect on the recorded soil water potentials. Neither did the type of subsoil significantly influence topsoil soil water potentials, although in metal treated soils topsoil soil water potentials tended to be lower in acidic than in calcareous subsoil in 2003.
In the first two seasons, the type of subsoil, however, had a strong influence on soil water potentials in the subsoil. As illustrated in Figure 4 , this influence became increasingly pronounced at lower depths and during the imposed drought period and gradually decreased again, when the soil was re-wetted in the weeks thereafter. Soil water potentials decreased faster in the calcareous than in the acidic subsoil. At the lowest two depths of measurement they also reached lower peak values in the calcareous subsoil. In the following season the overall *HM = heavy metal contaminated soil, AR = acidic rain, n.s. = not significant. differences in soil water potentials between the two subsoils were no longer significant. Overall, the metal treatment of the topsoil had no significant effect on the soil water potentials in the subsoil, although Figure 4 suggests that the decrease in soil water potential during the drought period in June 2002 may have been more persistent under uncontaminated than under contaminated topsoil.
A more subtle metal effect on soil water potentials emerges when we compare different depths in Figure 4 . During periods of unrestricted water supply (at the start of the imposed drought period and after full re-wetting of the soil profiles) soil water potentials increased with depth in a similar way in all treatments. During the drought in 2002 the vertical soil water potential gradients gradually decreased, indicating a shift of root water extraction activity to lower depth in order to compensate for reduced water availability in the upper parts of the profile. Eventually, the vertical soil water potential gradients even reversed in some treatments, because of the earlier response of soil water potentials in the topsoil and the increasingly delayed responses on drying and re-wetting with increasing depth in the subsoils. This shift in water extraction towards lower depths was pronounced on calcareous than on acidic subsoil. At the end of the reduced irrigation period in June 2002 the average soil water potential in calcareous subsoils even reached lower values under metal-contaminated topsoil than in the controls. It appears that under metal stress in the topsoil roots tried to compensate even more for reduced irrigation water supply by enhanced activity in the subsoil (relative to the topsoil) than in the controls, especially in the calcareous subsoil (Figure 5a,  b) . In 2003, when dry and hot conditions lasted for several months, while irrigation was continued at pre-scheduled rates, soil water potentials remained higher in the subsoil than in the topsoil. However, as at the end of the artificial (Figure 5c ). No such reversals were observed in acidic subsoil (see e.g. profile in Figure 5d ). Figure 5 not only shows that soil water potentials increased (i.e. logarithms of negative potentials decreased) much more with depth in the uncontaminated than in the contaminated topsoils, but also that the increase was stronger above acidic than calcareous topsoil for a given treatment. Figure 6 shows the treatment effects on the overall water balances of the lysimeters. Metal contamination had a weak, but significant effect (Table 3 ). The metal effect became more evident from year-to-year, as tree canopies closed and ground area was covered. In contrast, the subsoil had significant effects in the first two years, but not in the third (Table 3 ). In the growing season of 2001 ET was in average 14.7% and in 2002 )11.3% higher in the lysimeters with calcareous subsoil than from lysimeters with acidic subsoil. Contrary to our expectation that addition of acidity would enhance the metal effect, acidic rain did not reduce evapotranspiration. Rather there was a tendency over the years that evapotranspiration was larger with acidic than with ambient rain chemistry, although the trend did not become statistically significant.
Water balances
Transpiration and biomass
Transpiration rates per tree were not only significantly higher in P. the topsoil (Figure 7) . Heavy metals significantly reduced the transpiration rates in P. tremula (P ¼ 0.024), whereas they tended to enhance transpiration in S. viminalis. than in 2002. Moreover, in 2001 total biomass production was much higher on calcareous than on acidic subsoil, whereas no above-ground growth difference was found between the two subsoils in the following year ( Figure 8 , Table 3 ). Growth responses in lysimeters where topsoils were contaminated with heavy metal strongly differed between plant species. On the calcareous subsoil, metals distinctly reduced the growth of the deciduous trees, while they enhanced the growth of the herbs and did not affect the biomass of spruce ( Figure 9 , Table 3 ). None of these groups showed a metal treatment effect on the biomass production of the acidic subsoils. Total biomass production was approximately proportional to evapotranspiration, but, in light of the uncertainty in the estimates involved, further analysis of whole-ecosystem water use efficiency (the ratio of aboveground biomass to evapotranspiration) did not reveal any significant insights.
The metal treatment had a strong effect on the fine root density (Figure 10 ). In the presence of metals fine root growth was reduced by roughly 50% in the topsoil above both types of subsoil. This metal effect decreased with depth and little or no differences between metal treatments and controls were found below 25 cm depth. Also the subsoil influenced the vertical profiles of fine root density distribution. Calcareous subsoil favoured deeper rooting, whereas acidic subsoil resulted in higher fine root densities in the topsoil.
Discussion and conclusions
The metal contamination in the topsoil produced weak, but nonetheless significant effects on the soil water relations of the investigated juvenile forest ecosystem. Evapotranspiration was reduced under metal stress. The effect became clearer from year-to-year with progressing development of the young stands. At the same time the subsoil effect on evapotranspiration decreased, while there appeared to be a slight tendency of higher ET in the lysimeters, receiving acidified irrigation. The latter two trends were not expected. On the contrary, addition of acidity to the metal-contaminated soils was expected to increase the availability of the metals and, thus, to amplify the heavy metal-induced stress effects. The responses of different plant species or groups, as well as the soil water potentials at different depths, revealed the complexity of the system, while providing some hints on possible explanations. The measured soil water potentials can be interpreted in terms of the vigour, with which the roots extracted water from the respective soil depths. Under unrestricted water supply, root water extraction activity was by far the highest in the topsoil, as would be expected under such conditions (Figure 3, year 2001 ). Under water stress (induced drought conditions), the root activity gradually shifted into the subsoil, in particular in the calcareous subsoil, which provided more favourable growth conditions, especially for deciduous trees than the less fertile acidic subsoil (Table 1 ). According to measurements of metal concentrations in soil solution extracts, significant metal leaching into either of the two subsoils can be ruled out (Rais, 2004) , thus the subsoil represents a zone for root activity not directly affected by the heavy metal stress. This explains why, relative to the root activity in the topsoil, the compensatory water extraction from the subsoil observed during periods of water shortage was more pronounced in the metal treatments than in the controls particularly evident in calcareous subsoil (Figure 4 ). The observed shifts in root water extraction activity must not necessarily reflect responses of individual plant species, but may equally well result from a shift in the relative contributions of plants with different root systems to water extraction. The water balances give total soil water losses due to evaporation and transpiration, but cannot differentiate between contributions of the various system components. The transpiration measurements on the other hand give no information on the water balance of the system, but provide insight into the variation of responses between different tree species. The leaf measurements at selected dates showed that willow trees transpired rather more water under metal stress, while the opposite was found for poplars. Willows are known for their high tolerance to soil metal pollution (Pulford and Watson, 2003) . As we do not know how the two species in monoculture would have reacted to the treatments, we cannot say whether this observation only reflects the different tolerances to metal stress of the two species or whether competition effects played an additional role. Nonetheless, the latter seems likely if we consider also the understorey growth, which profited from reduced tree growth in the metal treatments, at least for calcareous subsoil (Figure 9) . Shifts in the relative root system development between the different plant species or groups of plant species also provide a likely and plausible explanation for the observed changes in the patterns of treatment effects on water balances and soil water potentials between successive seasons. In particular, this could explain why water Judging from the soil water potential measurements, the increased evapotranspiration on acidic subsoil was primarily due to a stronger exploitation of water in the upper subsoil, while in the lysimeters with calcareous subsoil the lower part of the subsoil contributed most to the slight increase in water consumption. This suggests that from the second to the third year of the experiment, root systems developed more in topsoil with acidic subsoil, while in compartments with calcareous subsoil more root growth occurred in deeper soil layers. The root density data are in good agreement with this interpretation. Root growth may have been reduced in the acidic subsoil, because of nutrient scarcity. It may also have been inhibited due to aluminium toxicity in the acidic subsoil (Table 1) . Single-species root growth allocation and toxicity alone, do not explain why the difference in evapotranspiration between lysimeters with different subsoils disappeared in the third year. All these observations can be reconciled, however, if we consider that they are the combined effects resulting from the growth and activity of a mixed vegetation, in which different species with different growth dynamics and responsiveness to site conditions were competing with each other.
It appears that biomass production was affected by metal stress, where growth conditions were favourable (in calcareous subsoil), while in the acidic soils, the heavy metal effect was probably masked by the unfavourable growing conditions. The biomass data suggest that the deciduous trees suffered on the acidic subsoils and that in comparison with spruce trees developed much better. Spruce is known to develop rather shallow root systems and be more tolerant to acidic soil conditions, and to grow slower than willows and poplars. A shift to a stronger development of spruce relative to the deciduous trees with time on the acidic subsoils, would agree well with the differences in fine root distribution profiles found at the end of the experiment, as well as with the observed shifts in water extraction. It would also provide a plausible explanation for the observation that evapotranspiration tended to be larger under acidified than under ambient rainfall chemistry, including the fact that this tendency became obvious only in the last experimental year.
As acidic rain had no effect or even slight enhancing effect on water consumption, we conclude that the acidity of the irrigation water did not significantly increase soil metal toxicity in the system. As heavy metal treatment caused a significant reduction in evapotranspiration, any mobilisation of metals due to the addition of acidity into the topsoil, should have further reduced evapotranspiration. So, it seems likely that some additional effect other than increasing metal solubility and thereby toxicity was exerted by the acidic rain treatment, compensating for such mobilisation. It would be in agreement with the hypothesis of shifts in competitive strength between different species, if the increase in evapotranspiration was due to an increased growth of the spruce, favoured against the competition of the deciduous trees by more acidic soil conditions.
Metals have been reported to reduce transpiration in various ways, ranging from reduction of root growth and metabolism, inhibition of root water uptake by blocking water channels, blockage of xylem vessels, and decrease of stomatal aperture (e.g. Poschenrieder and Barcelo´, 1999; Robb et al., 1980; Schlegel et al., 1987) . The soil water potential measurements suggest that the primary metal effect occurred locally in the topsoils, where roots were exposed to metal stress. This does not exclude an active secondary response of the plants at the leaf level down-regulating stomatal water loss in order to avoid excessive water stress, as discussed by Schlegel et al. (1987) . The observed shifts of water extraction from the topsoil into the subsoil may in fact indicate that inhibition of water uptake in the topsoil induced compensatory root activity at lower depths. The local reduction of root water extraction activity also does not exclude direct effects of accumulated heavy metals on stomatal regulation. Zn in particular was highly accumulated in the leaves of the deciduous trees (Gu¨nthardt-Goerg and Vollenweider, 2003; Hermle, 2004) .
In conclusion, the results support the hypothesis that the uncontaminated subsoil offered a possibility to compensate the reduction in root water extraction in the topsoil under drought, as well as metal stress. This was more pronounced in the case of the calcareous subsoil, which is more favourable for root activity than the acidic subsoil. The results also show that heavy metal effects on vegetation of a given composition may vary considerably over time and also between different soils due to differences in growth dynamics of the various plant species, as well as due to shifts in competitiveness of the plants.
